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The Balloon-borne Large Aperture Submillimeter Telescope for Polarimetry
(BLASTPol) was created by adding polarimetric capability to the BLAST experiment
that was flown in 2003, 2005, and 2006. BLASTPol inherited BLAST’s 1.8 m primary
and its Herschel/SPIRE heritage focal plane that allows simultaneous observation at
250, 350, and 500 µm. We flew BLASTPol in 2010 and again in 2012. Both were
long duration Antarctic flights. Here we present polarimetry of the nearby filamentary
dark cloud Lupus I obtained during the 2010 flight. Despite limitations imposed by the
effects of a damaged optical component, we were able to clearly detect submillimeter
polarization on degree scales. We compare the resulting BLASTPol magnetic field map
with a similar map made via optical polarimetry (The optical data were published in
1998 by J. Rizzo and collaborators.). The two maps partially overlap and are reasonably
consistent with one another. We compare these magnetic field maps to the orientations
of filaments in Lupus I, and we find that the dominant filament in the cloud is approx-
imately perpendicular to the large-scale field, while secondary filaments appear to run
parallel to the magnetic fields in their vicinities. This is similar to what is observed
in Serpens South via near-IR polarimetry, and consistent with what is seen in MHD
simulations by F. Nakamura and Z. Li.
1. Introduction
The Galactic star formation rate and initial mass function are reasonably well established,
but the physical mechanisms that control the initial stages of star formation and determine these
observables are not well constrained (McKee & Ostriker 2007). Simple models of quiescent gas
collapsing under self-gravity give star formation rates that are at least an order of magnitude higher
than the observed rate (Netterfield et al. 2009, and references therein) requiring the existence of
some additional factor to slow the rate of star formation. The two leading theories for this additional
support are a strong magnetic field preventing collapse, which is eventually overcome by ambipolar
diffusion (Mouschovias & Ciolek 1999), or strong turbulent forces, which can dissipate clouds before
they are able to collapse (Mac Low & Klessen 2004). It is of course possible that both effects play
significant roles with neither fully dominating.
Much work has been done to measure the environments of star forming regions, but observing
magnetic fields is experimentally challenging (Crutcher 2012). Measurements of Zeeman splitting
of molecular lines provide the most direct probe of magnetic fields in star forming clouds, but this
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technique is observationally difficult due to Doppler broadening. Consequently there are relatively
few clear detections of Zeeman splitting of molecular lines. It is theoretically possible to recon-
struct the full 3-dimensional magnetic field with Zeeman measurements, but due to experimental
difficulties usually only the line of sight component of the field is measured.
It is also possible to probe the magnetic field by taking advantage of the tendency for spinning
dust grains to align with their long axes preferentially perpendicular to the local magnetic field
(Lazarian 2007). This alignment leads to a slight polarization in light that interacts with the dust.
Transmitted light from background stars is preferentially absorbed by the long axis of the grain
causing a slight polarization along the local field direction. In addition, dust grains preferentially
emit light polarized parallel to their long axes causing a net polarization perpendicular to the local
magnetic field. Because interstellar dust grains have temperatures of T ≈ 10−30 K, they emit most
strongly at sub-millimeter (submm) wavelengths. Polarization pseudo-vectors are measured in the
plane of the sky giving the inferred direction of the projected magnetic field. These dust polarization
studies, however, provide no direct measure of magnetic field strength. While still experimentally
challenging, dust polarization mapping is possible for a wide range of clouds with different cloud
conditions. Investigators have used optical polarimetry to map the outer diffuse regions of molecular
clouds, but this technique cannot probe the highly extincted inner regions (Heiles 2000). More
recently, submm studies have been able to map the denser central regions of clouds providing a
clearer view into the regions where star formation is actually occurring (Matthews et al. 2009;
Dotson et al. 2010).
Field strength measurements derived from Zeeman observations typically imply mass-to-magnetic
flux ratios that are supercritical by a factor of ∼2-3, meaning the field is not strong enough to
support the cloud against gravitational collapse. However, due to systematic uncertainties, the
prevalence of magnetically critical or balanced clouds cannot be ruled out (Crutcher 2012). Less
direct methods for probing magnetic field strength have also been employed; Novak et al. (2009)
compared the dispersion in inferred magnetic field direction, as measured with submm polarime-
try, with that of simulated clouds from Ostriker et al. (2001). They concluded that agreement
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between observations and simulations is best when the total magnetic energy density is at least as
large as the turbulent kinetic energy density. A number of studies have probed the relationship
between observed magnetic field directions and the morphology of cloud substructure. For example
Ward-Thompson et al. (2000, 2009, also see Basu 2000) mapped submm and optical polarization
toward starless cores and observed that, in projection, their minor axes are offset by about thirty
degrees, on average, relative to the magnetic field direction. Tassis et al. (2009) found a similar re-
sult on larger scales, via statistical analysis of submm polarimetric observations toward 24 sources.
They modeled cloud substructure using a simple spheroidal model, finding a preference for oblate
versus prolate shape and a positive correlation between minor axis and magnetic field. Such a
correlation seems inconsistent with some turbulent models; e.g., the model of Gammie et al. (2003)
predicts a random relationship between cloud substructure and field direction. Goodman et al.
(1990) investigated the magnetic morphology of cloud complexes by observing filamentary struc-
tures in Taurus, Ophiuchus, and Perseus via optical polarimetry, and found that the magnetic field
direction shows little variation over ≥ 10 pc size scales, while individual filamentary clouds within a
complex show significant variation in their orientation with respect to the field direction. Thus, the
magnetic field appears to be strong enough to cause large-scale correlations and significantly affect
the morphology of cloud substructure, but not so strong that it defines all features of molecular
clouds.
The Lupus I molecular cloud has a number of properties that make it ideal for studying the
early stages of star formation. At a distance of (155 ± 8) pc (Lombardi et al. 2008), it is one of
the closest star-forming regions. It is also well separated from the Galactic plane (b ∼ 16◦) with
little confusion along its line of sight. Finally, while Herschel has observed numerous prestellar
and young stellar objects (Rygl et al. 2013), the cloud is not disturbed by the presence of O and B
stars which more violently disrupt their environment.
Here we report on submm polarimetric measurements of Lupus I made during the 2010 flight of
the Balloon-borne Large Aperture Submillimeter Telescope for Polarimetry (BLASTPol). BLAST-
Pol incorporates a 1.8 m parabolic primary mirror and large-format bolometer arrays operating
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at 250 µm, 350 µm, and 500 µm simultaneously. Coded photo-etched masks of vertical and hor-
izontal polarizing grids are placed in front of the array feed horns to provide polarization sensi-
tivity. BLASTPol’s predecessor, BLAST, was a total intensity experiment that was successfully
flown in 2003, 2005, and 2006, with results reported in many publications (e.g., Devlin et al. 2009;
Netterfield et al. 2009).
2. Observations
A full description of BLAST can be found in Pascale et al. (2008). For BLASTPol, we modulate
the polarization in two ways. First, we use a rotating achromatic half-wave plate (Moncelsi et al.
2012) in the optical path. Secondly, the coded mask of grids for each array alternates between ver-
tical and horizontal wire directions as one moves along the array in the horizontal (scan) direction,
thus providing for rapid modulation of a given source’s polarization during spatial scanning of the
gondola. A detailed description of the upgrade of BLAST into BLASTPol is provided by Angile`
et al. (2013, in preparation) who also summarize all observations taken during the two Antarctic
flights of BLASTPol, which took place in 2010 and 2012. The present paper deals only with Lupus
I results from the 2010 flight.
Our 2010 flight began with a launch from McMurdo Station, Antarctica, on December 27th,
2010, and continued for 9.5-days. We made ≈ 49 hours of scan mode observations on the Lupus I
molecular cloud, resulting in 0.91, 1.02, and 1.06 deg2 maps at 500 and 350, and 250µm respectively.
The target region was covered with two passes (up and down in elevation) while continuously
scanning in azimuth before stepping the Half-wave Plate (HWP) and repeating the process. A
‘data chunk’ consists of two such passes at a single HWP position. Four HWP positions were
used, separated from each other by 22.5◦. Scan speeds were chosen so that the HWP was stepped
approximately every 15 minutes, and observations were generally made at all four HWP positions
before changing targets.
Preflight calibration showed low instrumental polarization (IP ≈ 0.2%) and nearly Gaussian,
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diffraction limited beams at all three wavelengths. Unfortunately, during ascent to observing alti-
tude, the outermost IR blocking filter became partly melted, which introduced significant system-
atic error. As discussed in Section 3, the in-flight measurements of instrumental polarization were
dramatically higher than pre-flight calibration, at 5.8%, 6.0% and 6.8% for 500 µm, 350 µm and
250 µm, respectively. Additionally, there was a significant degradation in the beam shape, which
resulted in increased beam size with non-Gaussian structure and polarized point spread functions.
To mitigate this, all three wavelengths were smoothed using a 2.′5 FWHM Gaussian kernel. A grid
of polarization measurements were then calculated, with grid spacing also equal to 2.′5. We believe
the analysis pipeline that we summarize in Section 3 has been able to remove or account for the
above-mentioned systematic errors sufficiently well to allow us to report a meaningful measurement
of large-scale polarization structure in the Lupus I cloud. Preliminary analysis of observations from
our second Antarctic flight (the 2012 flight) indicates low levels of in-flight instrumental polariza-
tion consistent with ground tests, i.e., under 1%. Polarimetry results from the 2012 flight are under
analysis and will be reported at a later time.
3. Data Analysis
The BLASTPol data analysis pipeline can be broken down into six basic parts, which are
described, respectively, in Sections 3.1 through 3.6. A more detailed discussion of the data analysis
pipeline will be presented by Fissel et al. (2013, in preparation).
3.1. Time Ordered Data Processing
We first employed standard preprocessing techniques to de-spike, i.e., to remove cosmic rays,
and to deconvolve the detector bolometer response functions. In order to remove a significant
elevation-dependent feature from the raw bolometer Time Ordered Data (TOD), we fit to an
elevation dependent model for each data chunk. During the flight an unusual noise feature was
recognized in the TOD series. It was characterized by rapid changes in the DC level of otherwise
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normal data. It was later determined that this was due to a combination of motor current cross talk
from the fly wheel motor and pick up from the high gain Tracking and Data Relay Satellite System
(TDRSS) antenna. Both problems were intermittent. The correlation between each channel and a
dark channel of the same wavelength was calculated for each data chunk, data chunks with high
correlation were flagged and are not used in the analysis.
Preprocessed and flagged TOD series were passed to the naive mapmaker ‘naivepol’ (Moncelsi et al.
2012), which generates I, Q and U Stokes parameter maps via a binning algorithm. To remove 1/f
noise, a 0.05 Hz high-pass filter was applied to the TOD series before binning. Observations were
binned into 20” map pixels. As noted earlier, the maps were later Gaussian smoothed with a 2.′5
kernel.
3.2. Characterization of Instrumental Polarization
The instrumental polarization (IP) was characterized by taking advantage of the fact that
celestial sources rotate relative to our alt-az telescope as they rise and set, while instrumental
polarization remains unchanged (Hildebrand et al. 2000). To maximize signal-to-noise ratio, the
luminous source Vela C was used for this IP calibration. Observations were broken into two bins
based on the parallactic angle of the source. A synthetic aperture was defined around bright regions
of the intensity map, with two low flux regions chosen for reference. Mean polarization parameters
were then calculated for each detector for both sky rotation bins. These measurements were next
fit for source polarization and individual bolometer instrumental polarization, holding the mean
sky rotation difference of 8.5◦ between the two bins as a fixed parameter. The individual bolometer
instrumental polarization terms were then passed to naivepol, which was modified to subtract out
the instrumental polarization while binning maps.
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3.3. Map Referencing
Due to the high pass filtering in naivepol, BLASTPol is insensitive to large-scale spatial modes.
This causes our maps to have zero mean so that large regions of the map have negative flux. Polar-
ization measurements are usually specified as percent polarization, which diverges at an intensity
of zero. To account for this, we computed differential measurements between the I, Q, and U
Stokes parameters corresponding to the high intensity points of interest and the mean Stokes pa-
rameters of the large reference regions shown in Figure 1. Reference regions were chosen using the
Herschel SPIRE 350 µm intensity map, which contains no significant filtering artifacts. The choice
of reference regions was tested with simulations (see Section 3.5).
This ‘reference region’ technique can be thought of as fixing the zero spatial mode to the
mean value of the reference regions which allows BLASTPol polarization pseudo-vector maps to
be studied in a traditional manner (see Hildebrand et al. 2000). Our technique does not make any
attempt to account for other lost spatial modes. Accordingly, an intensity cut was applied requiring
all reported pseudo-vectors be in regions of the map having positive unreferenced flux. To fully
reconstruct all spatial modes will require the development of a new mapmaker, which is beyond
the scope of the present paper.
3.4. Null Tests
Due to the large systematic errors introduced by the melted filter, statistical error bars do
not provide a meaningful characterization of the validity of the data. Instead, a series of null tests
were employed to gauge which measurements were robust and repeatable. For each test, the data
was divided into two equal groups (a and b) from which maps were generated. We then calculated
residual maps for each Stokes parameter, where the residual of Q is defined by1:
1Because only the magnitude of the residual is used in the test, (a− b)/2 is equivalent to (b− a)/2.
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Qresidual = Qa − (Qa +Qb)/2 = (Qa −Qb)/2. (1)
We also calculated the residual for U in the same manner. A pseudo-vector is then judged to
pass the null test if the magnitude of the polarized flux in the final map is greater than three times
the magnitude of the flux for the corresponding sky position in the residual map2:
(Q2 + U2)1/2 > 3× (Q2residual + U
2
residual)
1/2. (2)
We performed six null tests to investigate different potential systematic errors. Three of the
tests were temporal, based on when the data was acquired: Early flight / Late flight, High Elevation
/ Low Elevation, and High Parallactic Angle / Low Parallactic Angle. The other three tests were
array cuts, based on which bolometer made the measurements (dividing the array into two equal
groups): Left Half / Right Half, Top Half / Bottom Half, and Large IP Correction / Small IP
Correction3. Only pseudo-vectors that pass all six null tests are reported.
3.5. Data Simulations
Source polarization and instrumental polarization reconstruction fidelity were tested using sim-
ulated BLASTPol 500µm observations. Simulated TOD series were generated using the instrument
simulation software Simsky, originally developed for BLAST and since adapted for polarimetry. The
software ‘observes’ input I, Q, and U maps convolved with a beam (defined in the telescope refer-
ence frame), for given input pointing and HWP angle TOD series. For the simulations discussed
here, input Stokes I maps were based on Herschel SPIRE observations of Vela C (Hill et al. 2011)
2Due to nonlinearities in the mapmaking process the final map is not equal to the mean that is used in the
definition of the residual. Passing the full data set into the mapmaker yielded a slightly more accurate map. In
practice, the use of the mean or final map for residual calculation or in the final comparison has no significant effect.
3As defined by the magnitude of the instrumental polarization correction, which is applied as described in 3.2.
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and Lupus I (Rygl et al. 2013)4. A constant polarization percentage was assumed: Q=qI and U=uI,
where q and u were fixed over the map. Pointing TOD series were taken from the BLASTPol 2010
pointing solution scans, HWP angles were also taken from the 2010 data. Noise TOD series were
generated with a white noise component for each individual detector based on 2010 measurements,
and a correlated noise component common to all bolometers based on the following noise spectrum:
PSDcorr = W
f0
f
, (3)
Here W is the median white noise level for the 500 µm bolometers, and f0 is the median 1/f knee.
The simulator also adds polarized point spread functions qiIP , u
i
IP to the TOD series for each
bolometer, constructed as follows: The beam shape was assumed to be identical for all detectors
with the same grid orientation (i.e., all horizontal detectors have the same beam and all vertical
detectors have the same beam). Beam patterns were generated from fits of three independent
elongated Gaussians to maps made from the 500 µm observations of the nearly point-like source
IRAS 08470-4243 at half-wave plate angles 0◦ and 67.5◦ 5.
Simsky was used to generate TOD series for both Vela C and Lupus I using the IP and polarized
point spread function prescription. Simulated TOD series were passed through the BLASTPol
pipeline as preprocessed TOD series. Instrumental polarization parameters were calculated on
Vela C and applied to Lupus I maps in the same manner as for the science TOD series. Large-
scale polarization of Lupus I was reconstructed to within 0.46%, which provides an estimate of the
systematic error level. Pseudo-vectors having degree of polarization below 1.5% (approximately
three times the above error level) are discarded regardless of whether they pass the six null tests.
The simulations and data cuts described in this section were carried out prior to application of the
polarization efficiency correction (see section 3.6).
4http://herschel.esac.esa.int/Science Archive.shtml
5There was insufficient data at half-wave plate angles 22.5◦ and 45◦ to make high signal-to-noise maps, so for the
purposes of these simulations it was assumed that the beam at 0◦ is identical to the beam at 22.5◦ and the beam at
45◦ is identical to the beam at 67.5◦.
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3.6. Consistency Checks
During our 2010 flight, we observed two targets that had previously been observed by the
SPARO polarimeter at 450µm (Li et al. 2006). One is Carina Nebula, a relatively high polarization
source that we observed as a check on the calibration of the polarization zero angle. BLASTPol
and SPARO observe very similar patterns of angles (see Pascale et al. 2012). The BLASTPol 2010
Carina Nebula maps are not large enough to include the reference regions used by SPARO so it
is impossible to account for fundamental differences in observing strategy. Consequently, ground
measurements are used for calibration of polarization zero angles. We believe that these are accurate
to ±2◦.
The second SPARO target observed is G331.5-0.1, which SPARO found to have low, ∼0.3%,
polarization near its intensity peak. Again, BLASTPol maps did not include the SPARO reference
regions so G331.5-0.1 cannot be used for calibration, but BLASTPol 500µm measurements of (q,u)
near the intensity peak were found to differ by roughly 0.5% from SPARO’s reported 450µm values,
providing a crude consistency check on our IP correction. Under-sampling effects due to the loss of
significant amounts of BLASTPol data to correlated noise while observing this source may account
for the ≈ 0.5% discrepancy.
The polarization efficiencies were determined from ground measurements to be approximately
equal to 79% and 82% for the 350µm and 500µm bands, respectively, and the results were corrected
accordingly. Due to the above-mentioned differences between BLASTPol and SPARO reference
regions, it was not possible to check these values using SPARO measurements.
4. Results
Submillimeter pseudo-vectors that survived all analysis criteria (see Section 3) are displayed
in Figure 1 for both 500 µm (red) and 350 µm (green); no significant detections were obtained at
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250 µm. The background image is a portion of the 350 µm map from SPIRE (Rygl et al. 2012)6.
Also shown are the submm reference regions (see Section 3.3). Figure 2 shows a larger view of
the region and includes optical polarimetry data (black) from Rizzo et al. (1998), plotted on a 2′
resolution extinction map that we created using the 2MASS near-IR catalogues and the NICER
technique (Lombardi & Alves 2001). Appendix 1 explains how we determined the coordinates of
the optical polarization measurements, as these were not provided by Rizzo et al. (1998). Only
optical pseudo-vectors which correspond to 3σ polarization detections are displayed. As can be
seen in these figures, the projected structure of the Lupus I cloud is dominated by a single main
filament, which is surrounded by a number of secondary filamentary structures. The blue curve in
Figure 2 represents a ‘by eye fit’ of a circular arc to this primary filament. Figure 2 shows that
both optical and submm pseudo-vectors are consistent with a general picture of a relatively well
ordered large-scale magnetic field oriented approximately perpendicular to the primary filament.
However, it is important to keep in mind that molecular clouds are complicated three-dimensional
structures that are observed projected into two dimensions.
A visual inspection of the SPIRE map in Figure 1 shows that the primary filament runs from
∼(235.3◦, −33.7◦) to ∼(236.6◦, −34.55◦) in (R.A., Decl.), giving a position angle of ≈ 127◦ east of
north for the filament, or a normal of ≈ 37◦. If one instead examines the extinction map shown
in Figure 2 the filament can be seen to extend further to the south east, with overall endpoints
at ∼(234.65◦, −33.35◦) and (∼237.35◦, −35.55◦), implying a filament normal at position angle of
≈ 45◦. Figure 2 clearly shows a significant bend to the filament, which is better parameterized by
a circle centered at (231.77◦, −37.67◦) with a radius of 4.92◦, as shown by the blue arc.
6http://herschel.esac.esa.int/Science Archive.shtml
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5. Discussion
5.1. Magnetic Field Models
In order to quantitatively compare magnetic field directions with filament orientations, we
consider two simple models for the magnetic field structure. The first assumes a spatially uniform
magnetic field and is referred to as the Uniform Field model. The second assumes that the magnetic
field angle has a constant offset with respect to the local primary filament normal, with the filament
represented by the blue arc of Figure 2. This is referred to as the Constant Offset model. Because
only the direction of the magnetic field is a free parameter in these models, all polarization detections
are normalized to unit polarized flux (Q2 + U2 = 1) before fitting to models. For both models,
we performed least squares fits to these rescaled Stokes parameters. Equal weight is given to all
pseudo-vectors. For the submm data, this is appropriate because the dominant errors are believed
to be systematic (see Section 3). For the optical data, the dispersion in the polarization angles
is much larger than the statistical errors of the measurements, which again implies that the equal
weight prescription is appropriate. For the Constant Offset model, the filament normal is derived
by referencing to the nearest point on the blue arc of Figure 2. The results of these model fits are
presented in Table 1.
As can be seen in Table 1, the best-fit Uniform Field submm inferred magnetic field angles
are 39.2◦ and 28.9◦ for the 500 µm and 350 µm respectively, and 34.3◦ if all submm pseudo-vectors
are taken together. If we reference these angles to the local primary filament normal of 37◦ (see
Section 4) we obtain a value of ≈ −3◦ when using all submm pseudo-vectors together. The best-
fit Constant Offset inferred magnetic field angles are −5.3◦ and −15.1◦ for 500 µm and 350 µm,
respectively, and −9.8◦ when all submm pseudo-vectors are used. The optical data shown in Figure
2 correspond to polarization measurements obtained by Rizzo et al. (1998) on stars they refer to
as Weak Stars, i.e. faint stars seen projected onto the high optical extinction regions of Lupus I.
While the sky area studied in the submm differs significantly from that studied in the optical, the
respective best-fit Uniform Field model angles are not too different at 34.3◦ and 53.9◦, respectively.
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These angles bracket the large-scale filament normal of 45◦ (see Section 4). The best-fit Constant
Offset field angles are −9.8◦ and +8.6◦ for submm and optical, respectively. Thus, while projection
effects prevent us from determining the angle between magnetic field and primary filament with
certainty, both submm and optical polarization measurements are consistent with a large-scale field
that is predominantly perpendicular to the primary filament, as can be also seen in Figure 2.
5.2. Comparing Optical and Submm Polarimetry
Neither the optical nor submm pseudo-vectors uniformly sample the entire primary filament.
Rather, they sample spatially distinct regions of the cloud. If there is an ordered large-scale
magnetic field perpendicular to the primary filament, then the region of filament sampled should
not be critical. If only optical pseudo-vectors within 15′ of a submm pseudo-vector are considered,
best-fit angles for Uniform Field and Constant Offset models of 53.1◦ and 9.0◦ respectively are
obtained (see Table 1), shifts of −0.8◦ and 0.4◦ respectively. These shifts are not significant,
suggesting that the sampling location is not the dominant cause of the difference in angles between
the optical and submm data sets. However, while the optical data are relatively evenly spread over
the entire filament, the majority of the submm detections are concentrated in a single dense cluster.
Any variations in magnetic field direction on the scale of this cluster will be over represented in the
submm data, and thus may account for most of the difference in best-fit field angles between the
two data sets. Several other factors which might play significant roles in explaining this difference
are considered next.
Optical and submm polarimetry are subject to very different experimental biases. BLASTPol
data were smoothed with a 2.′5 Gaussian beam, thus averaging out any substructure, whereas the
optical data are measured on single stars giving ‘pencil beam’ measurements in absorption through
regions of the cloud having AV ≈ 2−3 (Rizzo et al. 1998). The optical data are incapable of probing
the densest regions of Lupus I, where AV increases further. The high extinction regions within a
submm beam dominate the measurements, while optical polarimetry is only possible at the edges
of these regions, which may lead to a sampling bias towards low extinction holes in high extinction
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regions. Thus, even co-pointed beams might be measuring very different dust populations unless
the cloud is uniform on 2.′5 scales, which the SPIRE maps indicate is rarely if ever the case (see
Figure 1).
Another important difference relates to the cloud environment. BLASTPol uses reference
regions to compute differential measurements between the dense interiors of the clouds and the
diffuse outer regions, making it insensitive to large-scale foreground and/or background contamina-
tion. The optical measurements, in contrast, perform no differencing and are measuring the entire
column between the observer and star. In addition to their Weak Stars, Rizzo et al. (1998) present
polarization measurements of Field Stars, which are located within an approximately 6◦ by 8◦ region
containing the Lupus I filament. These stars show a very different magnetic field structure than
the filament, and many show low degrees of polarization. Using only 3σ polarization detections, a
best-fit Uniform Field direction of 129.3◦ is obtained, showing a roughly 75◦ rotation in the field
direction compared to the Weak Stars. To address foreground contamination, we make the simple
approximation of a uniform-field foreground medium and estimate its polarization properties from
the mean Stokes Q and U of the Field Stars. Then, we subtract this contamination from the Weak
Star polarization parameters to obtain corrected angles of 50.1◦ and 5.1◦ for the best-fit Uniform
Field and Constant Offset models using all optical pseudo-vectors (see Table 1), corresponding to
relatively small shifts of 3.8◦ and 3.6◦, respectively. However, since none of the Field Stars are in
the BLASTPol reference regions it is impossible to reference the two data sets in the same manner.
This makes it difficult to draw firm conclusions about the precise magnitude of this effect.
Despite the above-mentioned differences between the submm and optical polarimetry tech-
niques and the differences in spatial sampling, both data sets paint a consistent picture of a large-
scale magnetic field in the Lupus I cloud that is primarily perpendicular to the primary filament.
Previous comparisons of submm and optical polarimetry on the scale of both cloud complexes
(Li et al. 2009) and Bok globules (Ward-Thompson et al. 2009) have also shown rough agreement
in field directions between these two techniques.
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5.3. The Bipolar Molecular Outflow in B228
Outflows from protostars are ubiquitous. Theoretical models predict that they arise from cir-
cumstellar disks, with the outflow axis parallel to the rotation axis of the disk (e.g., Konigl & Pudritz
2000; Shu et al. 2000). Dynamically important magnetic fields may be expected to cause circum-
stellar disks to form with their rotation axes parallel to the local cloud magnetic field direction
due to magnetic braking (Mouschovias & Paleologou 1979). For this reason, previous authors have
looked for a correlation between outflow axis and magnetic field direction, with mixed results (e.g.,
Me´nard & Ducheˆne 2004; Davidson et al. 2011; Targon et al. 2011; Chapman et al. 2013; Hull et al.
2013). The observed area of Lupus I contains a single known molecular outflow, associated with the
class 0 protostar B228 (IRAS15398-3359; Shirley et al. 2000). The outflow is designated HH185,
and was discovered in the K band by Heyer & Graham (1989), who measured it to have a total
extent of 15′′ and a position angle of 65◦ east of north. This angle differs from the angles of the
submm and optical Uniform Field models by ∼31◦ and ∼11◦, respectively (see Table 1).
As discussed in Section 5.2, the submm pseudo-vectors will trace the magnetic field in relatively
denser regions, in comparison with optical pseudo-vectors. If magnetic braking operates in the
manner suggested by Mouschovias & Paleologou (1979), we would expect the outflow axis to align
with the magnetic field as measured by BLASTPol. Since we find a ∼30◦ difference in angle between
the two, it might appear that magnetic braking does not operate in this manner (e.g., Joos et al.
2012). However, the inclination angle of the HH185 outflow with respect to the plane of the sky
is unknown, and Chapman et al. (2013) point out that in this situation we cannot draw strong
conclusions based solely on the misalignment angle between the projected magnetic field direction
and the projected outflow axis. Magnetic field and outflow directions are also often compared with
the elongations of pre-stellar and/or protostellar cores (e.g. Ward-Thompson et al. 2000). For the
case of Lupus I, such a comparison will be presented in a separate paper by Poidevin et al. (2013,
in preparation).
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5.4. Secondary Filaments
We noted earlier that besides the main filament in Lupus I, there is significant substructure in
secondary filaments. Figure 1 shows a secondary filament that runs approximately perpendicular
to the main filament, extending both north and south of it, with endpoints near (236.7◦, −33.8◦)
and (236.1◦, −34.6◦). Consider the region of this secondary filament that is sampled by the submm
pseudo-vectors just south of the main filament. The submm polarimetry results for this region
suggest that the magnetic field direction in the main filament continues into this secondary filament,
implying that the magnetic field runs parallel to this secondary filament and not perpendicular to
it as in the main filament. Another secondary filament runs at a near constant Decl. of ≈ −34.7◦,
and is sampled by several optical pseudo-vectors and a single 500 µm pseudo-vector (see Figure 2),
all of which show a local field direction running approximately parallel to this secondary filament.
Both of these secondary filaments are marginally sampled; it would be unwise to over interpret
the data, but the overall magnetic field structure of Lupus I consistent with the idea of a single
dominant filament running perpendicular to the mean magnetic field, surrounded by secondary
filaments that run more nearly parallel to their local field directions.
5.5. Comparison with Other Work
Nakamura & Li (2008) generated three-dimensional MHD simulations of star formation in tur-
bulent, magnetized clouds, including ambipolar diffusion and feedback from protostellar outflows.
The field strength value used in the simulations is high enough to guide the gravitationally driven
flow, resulting in formation of sheets or filaments perpendicular to the mean field direction with
significant structure in diffuse secondary filaments running approximately parallel to the local field
direction. This morphology is consistent with what we have reported for Lupus I. Near-infrared
polarimetry of Serpens South (Sugitani et al. 2011) also traces a large-scale magnetic field perpen-
dicular to a dominant filament, again surrounded by numerous ‘sub-filaments’ running more parallel
to the local field. A similar structure is also observed in Herschel SPIRE maps of the B211/3 fila-
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ment in Taurus as presented Palmeirim et al. (2013). These authors observe low density secondary
filaments extending perpendicularly out from the main filament. This main filament is predomi-
nantly perpendicular to its local magnetic field as measured by optical and near-IR polarimetry.
The secondary filaments are reminiscent of the CO striations observed by Goldsmith et al. (2008)
in other low density regions of Taurus, and these CO striations closely follow their local magnetic
fields as given by optical polarimetry. Thus, observations of Serpens South, B211/3, and Lupus I,
taken together, appear to give strong support to the model of Nakamura & Li (2008).
However, the true structure of magnetic fields in molecular clouds is certainly more complex.
If we consider the entire Taurus cloud, rather than just B211/3, a wider range of relative orien-
tations between filaments and fields is seen (Goodman et al. 1990). For example, B18 is one of
the denser filaments in Taurus and appears to have a coherent magnetic field with an orienta-
tion that differs by ≈ 45◦ from the filament orientation. While this is not necessarily inconsistent
with collapse along field lines it does imply that this more complex cloud requires similarly more
complex simulations. More importantly, progress in this area requires sensitive magnetic field
observations for a statistically significant sample of molecular clouds. Upcoming submm polarime-
try results from the BLASTPol 2012 flight and future BLASTPol flights as well as from Planck
(Planck Collaboration et al. 2013) should be especially helpful in this regard.
6. Summary
We have presented degree-scale 350µm and 500µm polarization maps of the Lupus I molecular
cloud, obtained from the 2010 flight of BLASTPol. Despite the systematic error introduced by the
damaged spectral filter, our data provide new information on the magnetic field in this cloud.
We see a reasonably close alignment between the primary filament normal and the magnetic field
direction as measured by both optical and submm polarimetry. Specifically, the submm and optical
results from the Uniform Field model differ by ≈ 20◦, and the results from the Constant Offset
model show that the submm and optical field directions bracket the filament normal, differing from
it by 9.8◦ and 8.6◦, respectively. The B228 outflow position angle and the submm Uniform Field
– 19 –
angle differ by ≈ 30◦, but without constraints on the inclination angle this value cannot be directly
compared with other results. The Lupus I cloud appears to be consistent with the general picture
of a primary filament approximately perpendicular to the large-scale field, with secondary filaments
running nearly parallel to the field, as is also seen in Serpens South (Sugitani et al. 2011) and in
the model of Nakamura & Li (2008).
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A. Appendix 1
Rizzo et al. (1998) presented optical polarimetry on two populations of stars, which they refer
to as Field Stars and Weak Stars. All Field Stars have HD catalog numbers, and their R.A. and
Decl. coordinates were retrieved from the catalog. Polarization data for the Weak Stars were
presented in Table 1 of Rizzo et al. (1998), but sky locations were presented only graphically (in a
finding chart). The finding chart clearly shows many optical stars and indicates the sky location
of the Weak Stars on the high extinction region of the Lupus I filament. To obtain sky coordinates
for the Weak Stars, a DSS2 map of the region obtained from Skyview7 was superimposed on the
finding chart. The sky coordinates of reference stars in the finding chart were obtained and the
coordinates of the Weak Stars were triangulated from them. Reference stars were added until the
positions of the weak stars stabilized to within the uncertainty in their location on the finding
chart, which was ≈ 10-20′′. An updated version of Table 1 from Rizzo et al. (1998) is presented in
Table 2 containing the derived Weak Star R.A. and Decl. coordinates.
This preprint was prepared with the AAS LATEX macros v5.2.
7http://skyview.gsfc.nasa.gov/
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Table 1. Fits to Magnetic Field Models
Model Type
No. of Uniform Field Constant Offseta
Data pseudo-vectors (deg) (deg)
All submm 56 34.3 −9.8
350 µm 26 28.9 −15.1
500 µm 30 39.2 −5.3
All optical 38 53.9 8.6
Near opticalb 20 53.1 9.0
Corrected opticalc 38 50.1 5.1
aDifference between the inferred field direction at a given point and a
model field oriented at a constant angle relative to the normal to the blue
arc shown in Figure 2 (see section 5.1).
bOptical pseudo-vectors within 15′ of a submm pseudo-vectors.
cOptical pseudo-vectors after subtracting contribution from Field Stars.
See Section 5.2 for details.
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Table 2. Optical Pseudo-vectors for Weak Starsa
R.A. Decl. P σP θ
b σθ
(J2000) (J2000) (%) (%) (deg) (deg)
234.53204 −33.253026 2.50 0.36 36.4 4.1
234.74343 −33.271377 2.60 0.20 42.5 2.2
234.43411 −33.404653 1.88 0.53 53.2 8.1
234.85885 −33.412643 0.72 0.15 −10.0 5.9
235.06775 −33.545955 1.35 0.10 108.8 2.2
234.70345 −33.586962 2.11 0.25 44.2 3.4
234.90323 −33.669157 1.71 0.42 91.0 7.0
235.05416 −33.723124 1.62 0.23 27.6 4.1
235.20059 −33.668061 0.71 0.10 58.9 4.0
235.23064 −33.826070 1.43 0.27 42.7 5.3
235.33343 −33.770209 0.84 0.13 57.1 4.3
235.60495 −33.753452 1.24 0.20 4.9 4.5
235.44008 −33.975295 2.19 0.29 52.1 3.8
235.58651 −34.016795 1.80 0.13 63.2 2.1
235.61949 −33.859589 1.34 0.23 36.1 4.9
235.68931 −33.846024 0.85 0.34 37.0 11.5
235.80531 −33.976287 0.81 0.08 62.3 2.9
235.90906 −34.078436 1.24 0.19 37.0 4.5
235.48180 −34.226688 0.90 0.10 47.3 3.2
235.58846 −34.219505 0.95 0.17 50.7 5.2
235.81402 −34.262761 2.54 0.27 72.1 3.1
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Table 2—Continued
R.A. Decl. P σP θ
b σθ
(J2000) (J2000) (%) (%) (deg) (deg)
235.95366 −34.163824 2.00 0.35 32.1 5.0
236.04189 −34.256393 2.46 0.16 34.3 1.9
236.00137 −34.379713 2.08 0.18 70.5 2.5
236.02853 −34.555294 0.93 0.13 77.5 3.9
236.02077 −34.683778 1.07 0.11 73.3 3.0
236.48068 −34.293946 0.96 0.14 12.1 4.1
236.49813 −34.446355 1.99 0.44 81.6 6.3
236.66298 −34.475896 1.08 0.14 46.9 3.6
236.67918 −34.595195 1.31 0.20 56.8 4.3
236.41930 −34.612734 2.47 0.19 71.1 2.2
236.62312 −34.700913 0.70 0.13 59.2 5.5
236.82965 −34.772735 1.41 0.14 34.6 2.8
236.90333 −34.915581 2.23 0.14 30.5 1.8
236.90432 −35.101516 1.80 0.16 80.1 2.6
236.67547 −35.081575 1.15 0.11 58.9 2.7
237.02646 −35.180664 2.15 0.33 77.5 4.4
236.50093 −35.327369 1.29 0.07 70.2 2.2
236.56392 −35.466378 1.11 0.51 51.1 13.2
236.78695 −35.412109 1.19 0.14 70.3 3.5
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aFrom Rizzo et al. (1998). See Appendix 1 for details.
bPosition angle of the polarization E-vector, measured
east of north.
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Fig. 1.— BLASTPol submm polarimetry superimposed on Herschel SPIRE 350µm map of Lupus I
(grayscale). Red (green) pseudo-vectors show 500 µm (350 µm) measurements, and the orientation
of each pseudo-vector is drawn parallel to the inferred field direction (perpendicular to the orien-
tation of the E-vector of the polarized radiation). BLASTPol reference regions (outlined in black)
are used for differential measurement in deriving submm pseudo-vectors. Pseudo-vector length is
proportional to degree of polarization (see key at upper left).
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Fig. 2.— BLASTPol submm polarimetry (red and green pseudo-vectors) superimposed on AV map
of Lupus I (grayscale). Red (green) pseudo-vectors show 500 µm (350 µm) measurements, and the
orientation of each pseudo-vector is drawn parallel to the inferred field direction (perpendicular
to the orientation of the E-vector of the polarized radiation). Also shown are optical polarimetry
pseudo-vectors from Rizzo et al. (1998), in black. The blue arc represents a ‘by eye’ fit to the main
filament, as discussed in Section 5.1. As in Figure 1 pseudo-vector length is proportional to degree
of polarization.
